The mechanisms by which most double-stranded DNA viruses package and release their genomic DNA are not fully understood. Single particle cryo-electron microscopy and asymmetric 3D reconstruction reveal the organization of the complete bacteriophage P22 virion, including the protein channel through which DNA is first packaged and later ejected. This channel is formed by a dodecamer of portal proteins and sealed by a tail hub consisting of two stacked barrels capped by a protein needle. Six trimeric tailspikes attached around this tail hub are kinked, suggesting a functional hinge that may be used to trigger DNA release. Inside the capsid, the portal's central channel is plugged by densities interpreted as pilot/injection proteins. A short rod-like density near these proteins may be the terminal segment of the dsDNA genome. The coaxially packed DNA genome is encapsidated by the icosahedral shell. This complete structure unifies various biochemical, genetic, and crystallographic data of its components from the past several decades.
Introduction
The Salmonella bacteriophage P22 is a short-tailed double-stranded DNA (dsDNA) phage. The assembly pathway of P22 is well understood and shares a similar assembly and maturation process as tailed dsDNA phages (Prevelige, 2006) and Herpesvirus (Rixon and Chiu, 2003) . In this common assembly and maturation process, a procapsid containing scaffolding subunits, but empty of DNA, is formed (Thuman-Commike et al., 1996) . A w43 kb segment of DNA is pumped into the procapsid through the portal complex located at 1 of 12 5-fold vertices (reviewed in Casjens and Weigele, 2005) . This DNA packaging is carried out by a terminase-portal complex in an ATP-dependent process (Jardine and Anderson, 2006) utilizing a concatemeric DNA substrate (Casjens et al., 1992a) . The protein complex at the unique packaging vertex in the mature virion is the focal point for the multiple stages in this dynamic process. For P22 (Table 1) , the gp7, gp16, and gp20 pilot/injection proteins, together with portal subunits (gp1), are assembled into the procapsid prior to DNA packaging. After DNA packaging, the tail proteins gp4, gp10, and gp26 close up the portal channel. Assembly of the tailspike adhesin (gp9) is the last step in assembly and is required to generate infectious particles. Upon interaction of the tailspikes with the host cell surface lipopolysaccharide (LPS), a rearrangement of these proteins must occur to allow the DNA to exit the virion and cross the cell envelope into the host cytoplasm. The first step in understanding these processes is to obtain a complete picture of the organization of the proteins at the tail vertex.
The icosahedral shell structures of both the procapsid and the infectious phage particles have been extensively studied and solved to subnanometer resolutions using single particle cryo-electron microscopy (cryo-EM) and 3D reconstruction (Jiang et al., 2003) . The capsid protein (gp5) was found to share a common fold among dsDNA tailed phages and Herpesvirus (Baker et al., 2005; Bamford et al., 2005) . Structural information is available for some of the isolated components, such as cryo-EM reconstructions of the portal dodecamer at 8 Å resolution (Tang et al., 2005) and the tail complex at 27 Å resolution (Tang et al., 2005) and crystal structures of the tailspike's head binding (PDB ID: 1LKT) (Steinbacher et al., 1997) and receptor binding domains (PDB ID: 1TSP) (Steinbacher et al., 1994) . X-ray solution scattering has also been used to characterize the conformation of the condensed dsDNA (Earnshaw and Harrison, 1977) . However, due to the absence of a complete structure of the entire infectious phage particle, many questions remain about how these distinct components interact and form such a nanomachine.
The lack of a complete structure of P22 is due to the limitations of traditional structural methods (both X-ray crystallography and single particle cryo-EM), which rely on symmetry averaging and thus can only resolve the structure of the major component, the icosahedral shell. Recently, methods have been introduced to reconstruct spherical viruses without icosahedral averaging, and they have been used to determine the structures of phages T7 (Agirrezabala et al., 2005) and Epsilon15 (Jiang et al., 2006) . In this study, we have applied the asymmetric reconstruction method to determine the entire structure of the P22 infectious particle, revealing the structural anatomy of its molecular components. The complete P22 virion structure will be discussed in the context of assembly and infection as well as compared to the equivalent structural features found in bacteriophages Epsilon15 and T7.
Results Figure 1 shows a cryo-EM image of infectious P22 particles. The w700 Å diameter particles are angular in *Correspondence: wah@bcm.tmc.edu profile and filled with dsDNA. A tail appendage can be discerned at the edge of the capsid for some particles at suitable views. Some views show the 6-fold nature of the tail. Approximately 19,000 particle images were recorded and used to determine the entire structure of the infectious phage particles. The particle images were initially processed using the classic icosahedral averaging method and then further processed to relax the symmetry assumption entirely. The final 3D reconstruction without symmetry imposition is shown in Figure 2A and Movie S1 (see the Supplemental Data available with this article online). Figures 2B and 2C shows the density maps of the mature phage and the procapsid with icosahedral averaging (Jiang et al., 2003) filtered at equivalent resolution as the infectious particle for comparison. A significant conformational change in the hexon subunit arrangement occurs during DNA packaging, as seen in these maps and reported previously (Jiang et al., 2003; Prasad et al., 1993) .
Capsid Shell
The capsid shell component of the 20 Å resolution density map in this asymmetric reconstruction ( Figure 2A ) is nearly identical to that derived using the classic icosahedral reconstruction (Jiang et al., 2003) at similar resolution ( Figure 2B ) except for a unique vertex where the tail is attached. Due to icosahedral symmetry imposition, all the nonicosahedral components are averaged away and not visible in the classic icosahedral reconstruction ( Figure 2B ). The asymmetric reconstruction shows distinct surface features such as hexons and pentons in the icosahedral shell. However, since one penton is replaced by the portal dodecamer (see below), it appears that the shell is composed of 415 copies of gp5 protein arranged in a T = 7 laevo icosahedral lattice. This type of capsid symmetry is a conserved feature among many of the tailed dsDNA phages such as T7 (Steven et al., 1983) , P2 (Dokland et al., 1992) , lambda (Dokland and Murialdo, 1993) , SPP1 (Droge et al., 2000) , HK97 (Wikoff et al., 2000) , and Epsilon15 (Jiang , 2006) . The shell is angular with a vertex-to-vertex distance of w700 Å and a face-to-face distance of w650 Å , which are in agreement with the measurements from X-ray solution scattering (Earnshaw and Harrison, 1977) . The excellent agreement of the shell structure derived in the asymmetric reconstruction with that from the longestablished icosahedral reconstruction validates the correctness of the asymmetric reconstruction. The individual structural components in the asymmetric reconstruction are segmented and annotated in the sectional and cutaway views as shown in Figure 3 .
Tail Complex
The tail complex is located at 1 of the 12 icosahedral 5-fold vertices and consists of the tail hub, tailspikes, and the tail needle (Figures 2A and 3 ; Movie S1). The shell-proximal region of the tail complex contacts/ interacts with the portal complex and possibly the neighboring capsid proteins. The distal regions of the tail complex, including the tailspikes, are used to attach the virus to its host's surface. A tubular tail hub King et al., 1973; Poteete and King, 1977; Strauss and King, 1984) is attached to the external side of the portal vertex (Figure 3 and Movie S1). The tail hub can be roughly divided into two stacked barrels ( Figure 4A ), with the portal/shell proximal barrel and the distal barrel showing six bulges ( Figure 4B ). It has been shown that the tail hub is composed of gp4 and gp10. During assembly, gp4 binds to the capsid first, followed by gp10 . Thus the density proximal to the capsid shell and portal was assigned as a ring of gp4, while the distal density was assigned as a hexamer of gp10. The tail hub is filled and seals the capsid (Figure 3 and Movie S1). This agrees well with the role of gp4 and gp10 in keeping the packaged DNA inside the capsid (Strauss and King, 1984) .
Attached to the distal end of the tail hub is a long needle ( Figure 4A ) that can be assigned to a triple-stranded coiled-coil formed by gp26 (Andrews et al., 2005) . This rigid tail needle extends significantly further out than the tailspikes (Hartwieg et al., 1986) and could function as a host cell surface-penetrating device similar to the bacteriophage T4 baseplate needle (Kanamaru et al., 2002) , either by facilitating DNA injection into the host cell or insertion into an outer membrane pore. Its location at the center of the distal end of the tail hub suggests it can also serve as a capping protein to prevent premature leakage of packaged dsDNA (Strauss and King, 1984) .
Six trimeric tailspikes bind in a groove at the interface between the gp4 and gp10 layers of the tail hub ( Figures  4A and 4B ). The arrangement of the six tailspikes around the tail hub is very close to 6-fold symmetric ( Figure 4B ). Each tailspike is a trimer of the 666 amino acid long gp9. Each tailspike trimer consists of two domains ( Figure 4A ): the head binding (PDB ID: 1LKT) (Steinbacher et al., 1997) and the receptor binding (PDB ID: 1TSP) (Steinbacher et al., 1994) domains. Each of these domains has been crystallized separately as a trimer with exact or near 3-fold symmetry. The crystal structures of these two domains were fitted into the cryo-EM Figure 2 . Surface Rendering of Density Maps of Bacteriophage P22 Based on Different Reconstruction Methods (A) An asymmetric reconstruction of infectious particle and (B-C) an icosahedral reconstruction of the infectious particle and the procapsid particle determined previously (Jiang et al., 2003) and filtered to similar resolutions for comparison. The hexons are skewed about a pseudo-2-fold axis in the procapsid and become more 6-fold-symmetric in the infectious particle. maps independently (Figure 4 ). The head binding domain fits well into the density map. Fitting of the receptor binding domain was not unambiguous. This uncertainty was due to the lack of resolution sufficient to visualize individual subunits of the trimer. Furthermore, the cryo-EM map does not exhibit exact 3-fold symmetry in the tailspike's receptor binding domain. Also, two similarly sized protrusions per subunit near the LPS binding site (middle of this domain) are spaced azimuthally 60º apart (red and purple arrows in Figure 4B ). Thus there are two plausible fits that are spaced 60º apart around the tailspike symmetry axis. However, in either of the two fits, the loops (red arrow) and short a helices (purple arrow) contact the distal end of the tail hub ( Figure 4B ). One possible fit is shown in Figure 4B , in which the indentation in the tailspike between the a helix and loop protrusions (black and red arrows, respectively) corresponds to one LPS binding site. The two other LPS binding sites are spaced 120º away. As a result, two LPS binding sites in this conformational state are facing either the tail hub or adjacent tailspikes and are hidden, while only one site is exposed to the outside. In the alternative fit, the inter-tailspike interaction sites would be between the small loop on one tailspike and the cleft of two adjacent subunits in the neighboring tailspike. In this alternative model, two LPS binding sites would be facing outside.
In the virion bound tailspike, the two domains are connected by a narrow neck clearly seen in our cryo-EM map ( Figure 4A ), likely composed of an a-helical trimeric coiled-coil (Steinbacher et al., 1997) . The neck region is the first part of the protein susceptible to cleavage by proteases in the presence of heat and detergent, suggesting it has some flexibility (Chen and King, 1991; Steinbacher et al., 1994) . In the cryo-EM map, the quasi-3-fold axes of these two domains are not aligned. In fact, there is a w6º inclination between the quasi-3-fold axes of these two domains, resulting in a kink between these two domains. A possible role of this kink, as well as the roles of tailspike-tailspike and tailspike-hub contacts, in the process of DNA ejection is discussed below.
Portal
The portal, composed of 12 copies of gp1 , is located underneath the tail hub (Figure 3 and Movie S1). Together with the large and small terminase subunits (gp2 and gp3, respectively), the portal functions as part of a powerful molecular motor responsible for packaging the dsDNA genome into the capsid cavity, as elucidated in the phi29 phage system (Smith et al., 2001 ). The terminase proteins, which temporarily associate with the portal during DNA packaging, dissociate from the virion intermediately after completion of packaging and are not found in the virion (Casjens and Hayden, 1988) .
The P22 portal complex is cone shaped, with the narrower (w110 Å ) stalk domain and wider wing (w170 Å ) and crown domains (w150 Å ) ( Figure 5A Trus et al., 2004) . A slice through the 3D density segments of the portal, its azimuthal density plot, and corresponding power spectrum unambiguously demonstrate 12 ''spokes'' (Figures 5B-5D ). The same stoichiometry is also found in the portal protein in T7 (Agirrezabala et al., 2005) and Epsilon15 particles (Jiang et al., 2006) .
Pilot/Injection Proteins
Additional protein-like densities fill the channel spanning the tail hub and portal complex (Figure 3 and Movie S1). Table 1 lists the nine proteins that make up the infectious capsid King et al., 1973 King et al., , 1976 . With all the structural proteins assigned, this leaves the pilot/injection proteins gp7, gp16, and gp20 to account for the densities located in the portal channel. However, the channel of the tail hub appears to be occupied with densities that could be either pilot/ injection proteins protruding from interior through the portal channel or the hub proteins (gp4, gp10) in a closed conformation. The pilot/injection proteins have been shown to be essential in infection (Poteete and King, 1977) . Gp16 enters the cytoplasm in the early stages of infection (Bryant and King, 1984; Hoffman and Levine, 1975a) . The location of the pilot/injection proteins at the opening to the portal channel, as suggested in this reconstruction, would position the pilot/injection proteins for entry into the cytoplasm along with the phage DNA during infection.
Unlike bacteriophage Epsilon15 (Jiang et al., 2006) or T7 (Agirrezabala et al., 2005) , P22 does not have a large internal protein core encircling a terminal segment of DNA. Instead, a small ring-like density (Figure 3) between the DNA fragment (see below) and the portal was present, which could be gp7, gp16, or gp20. Its location suggests that this small cluster of proteins may lead the DNA during exit into the cytoplasm.
DNA Packing
Overall, the DNA appears as concentric shells. The three outermost layers of dsDNA can be seen in the capsid ( Figure 6 and Movie S1). The outermost layer and the The order is better in the outermost layer and in the region near the portal, but there is more disorder in the inner layers. A ring of clearly defined density surrounds the portal wing domain (arrow). region near the tail/portal are the best resolved and display coaxial packing (Figures 3 and 6) . The inner layers are less ordered and have weaker densities. The distance between layers is measured to be 21-24 Å , which is in agreement with the broad peak seen in X-ray solution scattering (Earnshaw and Harrison, 1977; ThumanCommike et al., 1999) .
One of the internal structures that can be visualized is a short, cylindrical density near the center of the capsid (Figure 3 ). Due to its high-density value, this was interpreted as a terminal segment of dsDNA. Its position suggests that it is primed to exit the capsid through the portal. As a result, this fragment may be the last DNA that was packaged into the capsid, and the first to be released upon infection. This is reminiscent of the similarly positioned terminal segment of dsDNA in Epsilon15 (Jiang et al., 2006) . However, there is a significant difference in the length of the visible terminal segment of dsDNA in P22 and the w90 bp terminal segment of dsDNA in Epsilon15.
Discussion
Comparison with Bacteriophages Epsilon15 and T7 Asymmetric reconstruction offers the opportunity of seeing those structural components of the spherical viruses that are invariant from particles to particle. If the structural components varied from particles to particle, they would not be resolved using the current methodology. Asymmetric reconstructions were previously reported for bacteriophages T7 (Agirrezabala et al., 2005) and Epsilon15 (Jiang et al., 2006) .
The asymmetric reconstruction of the whole P22 virion compared to those of Epsilon15 and T7 reveals an overall structural similarity among them, but with key differences. The mature phages have similar capsid dimensions (w700 Å in diameter). P22 packages w3 kb more DNA than Epsilon15 (McConnell et al., 1992) and T7 (Cerritelli et al., 1997) . Assuming the volume inside the shell and the DNA packing density are the same, the extra space occupied by the significantly larger protein cores in both T7 and Epsilon15 could account for this difference in the larger packaged genome of P22. The DNA terminal segment appears much shorter in P22 and adjoins some protein densities between it and the portal protein. In Epsilon15, the analogous segment of DNA is surrounded by a protein core. A similar protein core surrounding a DNA segment is also seen in bacteriophage T7 (Agirrezabala et al., 2005) . Unlike Epsilon15 and T7, the tail hub in P22 appears to be completely filled. These differences probably stem from different mechanisms used by the phages to accomplish the same task: delivering DNA across the tripartite cell wall. This is not surprising since the phages also use totally different proteins to bind LPS.
The attachment apparatus of these phages, though not homologous, accomplishes the same function. Although they have tail hubs external to the portal protein, a needle-like structure is notably absent from Epsilon15 and T7. All have LPS binding tailspikes, but where the adhesins of Epsilon15 deviate significantly from 6-fold symmetry, the P22 tailspikes are arranged with near-perfect 6-fold symmetry around the tail hub (Figure 4 and Movie S1). Tail fibers are not seen in the asymmetric reconstruction of the T7 virion (Agirrezabala et al., 2005) . The bacteriophage P22 tailspike subunit contains a parallel b helix domain, which binds and cleaves the O-antigen component of cell surface lipopolysaccharide. Epsilon15 similarly has ''receptor-degrading'' activity (Hoffman and Levine, 1975b) ; however, its tailspike is probably a b propeller domain, similar to that seen for the capsuledegrading coliphage K1F (Stummeyer et al., 2005) . K1F tailspike has a similar three-lobed, club-shaped end as the tailspike of Epsilon15. In contrast, the T7 tail fibers are much more slender coiled-coils and do not appear to have enzymatic activity (Steven et al., 1988) .
How Is the Virion Built?
The virion is but one step in a dynamic process utilizing a range of assembly intermediates and protein conformations. As shown previously (Jiang et al., 2003; Prasad et al., 1993) and in Figure 2 , the icosahedral capsid shell undergoes large conformational changes in the maturation process. The asymmetric reconstruction of the whole virion reveals not only the organization and arrangement of the DNA and all structural proteins, but it also sheds light on the processes of virion assembly and DNA ejection (schematically outlined in Figure 7) .
The earliest detectable structure in the P22 assembly pathway is the procapsid, a protein container into which the DNA genome is pumped (Prevelige, 2006) . It is composed of a capsid protein shell (gp5), portal proteins (gp1), the pilot/injection proteins (gp7, gp16, and gp20), as well as the internal scaffolding protein (gp8). The scaffolding protein exits the procapsid at around the time of DNA packaging and is not found in the mature virion (King and Casjens, 1974) . This protein promotes the rapid and accurate assembly of free capsid subunits into a closed shell (Prevelige et al., 1988) . How the procapsid incorporates a single complex of portal protein, as well as the correct complement of pilot/injection proteins, is not known. The portal protein has been shown not to be a kinetic initiator of P22 assembly . However, the scaffolding protein has been shown genetically and biochemically to interact with the portal protein as well as gp16 Weigele et al., 2005) , suggesting a central role for the scaffolding protein in bringing the proteins that make up the injection apparatus together with the capsid subunits. The location of the pilot/injection proteins just interior to the portal complex (Figure 3 and Movie S1) suggests not only that they are conveniently positioned for exiting the capsid during infection, but that they are also spatially close for assembly, as their genetic interaction suggests.
After the procapsid is assembled, DNA is packaged by the portal-terminase complex in an ATP-dependent process. The cutting of the DNA is catalyzed by the terminase complex (gp2/3). The amount of DNA packaged is regulated by the portal protein (Casjens et al., 1992b) . DNA is densely packed in the head and requires counter-ions to stabilize it. The DNA surrounding the portal is unusually ordered, forming a clearly defined ring of density around the wing region of the portal dodecamer (Simpson et al., 2000) as seen in Figure 6 (arrow). Interior to this ring are domains of portal protein not observed in the portal protein of phi29 (Simpson et al., 2000) . The DNA packing appears more ordered at the outer layers and near the portal, as evidenced by the presence of continuous strands of density in these regions ( Figure 6 and Movie S1). In the inner regions, the density is discontinuous. The DNA at the outer layer and near the portal can interact with the proteins, while the DNA in the other regions interacts with other DNA. This indicates that the ordering may be the result of DNA-protein interactions. It is worth noting that the packaged genome consists of a single long chain of dsDNA molecule, and a properly resolved structure of the packaged genome should show multiple rounds of a continuous spiral instead of the currently observed multiple disconnected rings for both the P22 and Epsilon15 (Jiang et al., 2006) genomes. It is well known that each P22 particle contains slightly different lengths of DNA (Casjens and Hayden, 1988; Casjens and Weigele, 2005) . The currently observed pattern of genome packing may be attributable to the effect of a computational averaging of the dsDNA with slightly different azimuthal orientations in different particles (a total of 16,000 in the asymmetric reconstruction). This type of heterogeneous orientation of the viral genome could be a general feature of the tailed dsDNA phages.
Once DNA is packaged, it must be kept inside the capsid until the initiation of infection. Gp4, gp10, and gp26 close up the portal channel (Figure 3) . Particles lacking any of these proteins do not retain their DNA (Strauss and King, 1984) . What prevents the premature addition of these proteins to the developing virion? It could possibly be that a conformation of portal protein signals both the cutting of DNA by terminase and the release of terminase from the expanded capsid. Then the portal protein in the packed conformation would present a competent surface for the binding of gp4. Gp10 and gp26 would then add successively to the nascent tail hub followed by binding of the tailspike homotrimers. A similar sequence of events and structural transitions has been proposed for the maturation of the T7 virion (Agirrezabala et al., 2005) .
How Does the Virion Infect?
The virion in its fully assembled state must subsequently undergo conformational changes to allow the passage of DNA through the ejection vertex. In the first step of infection (Figure 7) , P22 adsorbs to the O-antigen component of cell surface LPS through its tailspike proteins (Israel et al., 1972) . The tailspike has endorhamnosidase activity, which is believed to allow the phage to ''chew'' its way down to the surface of the host (Iwashita and Kanegasa, 1973) . Subsequent steps leading to the delivery of phage DNA across w260 Å combined thickness of the outer membrane, peptidoglycan, periplasm, and inner membrane into the host's cytoplasm are still poorly understood. The tailspike, as assembled onto the tail hub, is in a kinked conformation that breaks the 3-fold symmetry of this homotrimer ( Figure 4A ). The site of this kink forms the neck domain between the head binding domain and the rest of the molecule. The asymmetric reconstruction suggests there are lateral interactions between the tailspike proteins (black arrows in Figures  4B and 4C ) as well as interactions between the receptor binding domain and the tail hub (red and purple arrows in Figure 4B ). Such interactions might be used to hold the tailspike in a kinked conformation after binding the tail hub during virus assembly. A concerted outward motion of the tailspike domains (arrow in Figure 4A ), like the In the assembly process (top row), a procapsid is first formed by portal (gp1), shell (gp5), scaffold (gp8), and pilot/injection (gp7, gp16, and gp20) proteins. Next, terminase (gp2/3), together with portal, packages the DNA into the capsid as scaffold proteins exit. Then, tail hub protein gp4 binds to the portal, followed by additional tail hub protein gp10 and tail needle protein gp26. Binding of tailspike (gp9) completes the virion. During infection (bottom row), tailspikes interact with the host cell surface LPS O-antigen. Digesting this receptor brings the virus nearer to the cell surface. At the same time, the binding signal is transmitted via the tail hub. The tail needle and tail hub proteins then create a channel throughout the outer membrane, peptidylglycan, periplasm, and inner membrane. Finally, the pilot/injection proteins exit the capsid and are injected into host cell cytoplasm, followed by DNA.
blooming of a flower (Steinbacher et al., 1997) , might act as conformational lever delivering a signal to the gp4, gp10, gp26 complex during infection. In the context of the structure presented here, this motion would transmit a conformational signal to the interface between gp4 and gp10, somehow resulting in the opening of the channel for DNA passage. It is conceivable that the interactions across adjacent tailspikes and between tailspikes and tail hub may be broken and altered during this process.
The structure of the tail vertex suggests additional rearrangements that must occur in order for DNA to exit the capsid. Recent work showing that gp4 has transglycosylase activity leads to the intriguing possibility that this protein can reach peptidoglycan through the outer membrane (Moak and Molineux, 2004) . However, from the host cell's perspective, gp4 sits behind a ring of gp10 and the gp26 needle. Therefore, gp10 and gp26 must get out of the way, or dramatically reorganize, before gp4 can reach the membrane. The role of the pilot/ injection proteins and ejection of phage DNA is still poorly understood. P22 strains unable to express gp16 (one of the pilot/injection proteins) can adhere to cells, but fail to inject their DNA (Hoffman and Levine, 1975b) . However, this block can be relieved by expression of gp16 in trans; that is, intracellularly expressed gp16 can complement a virion lacking gp16 and does so from the cytoplasmic side of the inner membrane (Bryant and King, 1984; Hoffman and Levine, 1975b) . Therefore, gp16 is important for getting DNA across the inner membrane. In the context of the virion's structure, gp16 (together with the other pilot/injection proteins) is positioned to exit the channel before the DNA. Internal core proteins in bacteriophage T7 have been shown to exit the capsid in the early stages of infection (Kemp et al., 2005) , possibly forming an extended channel into the host and suggesting that a similar phenomenon may occur in P22.
It is not known whether LPS with O-antigen is sufficient to allow P22 to infect or if a coreceptor is also required. P22 may use O-antigen in an initial binding and subsequently dock onto a host protein pore or channel, as is the case for phages T5 (Plancon et al., 1997) and lambda (Roessner et al., 1983) . Alternatively, P22 may use LPS to access regions of the outer membrane likely to be near the inner membrane. The synthesis of LPS (reviewed in Whitfield, 1995) begins on the inner membrane. Through a series of steps, the core polysaccharide is transferred to the outer membrane, where O-antigen repeats are enzymatically added to a growing oligosaccharide. LPS is probably found in patches on the cell surface, and sites rich in O-antigen synthesis may be regions where the outer and inner membranes are close enough for P22 proteins to span both membranes (Bayer, 1968) . Future structural studies of phage particles in the process of binding to the host cell surface and releasing DNA will reveal these processes in greater detail.
Experimental Procedures Sample Preparation
Mid-log cultures of Salmonella typhimurium LT2 were infected with a phage strain defective in lysis (P22 c1-7, 13am) at an MOI of 5. Cultures were incubated with shaking for 90 min at 37ºC. Infected cells were pelleted by centrifugation and resuspended in 1/100 volume of buffer TM (10 mM Tris [pH 7.5] and 1 mM MgCl 2 ). The resuspended cells were lysed by adding an equal volume of chloroform followed by vigorous vortexing. Lysozyme (1 mg/ml) and DnaseI (10 mg/ml) were added to aid lysis and reduce viscosity. Debris and organic phase were separated by centrifugation. The resulting supernatant containing virions was layered atop 20% sucrose and sedimented through a layer of CsCl rho = 1.4 onto a cushion of CsCl rho = 1.6 in the ultracentrifuge at 100K average RCF for 2 hr at 4ºC using an SW50.1 rotor. A visible phage band was harvested using a 20 gauge hypodermic needle and dialyzed against three changes of buffer TM. Using this method, titers of phage greater than 10 12 /ml were routinely obtained.
Cryo-EM
A Vitrobot (http://vitrobot.com) was used to flash-freeze a 3 ml aliquot of sample onto a copper Quantifoil R2/2 grid. The sample was loaded onto a Gatan 626 cryoholder and imaged in a JEM 2010F electron cryomicroscope (JEOL USA, Peabody, MA) operated at 200KV and at a specimen temperature near liquid N 2 . Using JAMES imaging system (Booth et al., 2004) , w1,200 images were collected on a Gatan 4k CCD, with a dose of 10-15 e/Å 2 and a defocus of 2-5 mm at a final magnification on CCD w55,3603. The defocus range of 2-5 mm ensures images with good contrast that were easier to computationally box out and process. The images were immediately archived in the EMEN database (Ludtke et al., 2003) for subsequent processing.
Image Processing
Image processing was performed essentially as previously described (Jiang et al., 2006) . About 19,000 particles were selected by first using automated selection by the ethan program (Kivioja et al., 2000) and then followed by manual screening using boxer in EMAN (Ludtke et al., 1999) . In order to expedite the computation, a smaller box size was chosen, even though it slightly truncated the long needle in side views. The box size was large enough to include the six tailspikes. Contrast transfer function parameters of each CCD image were determined using an automated CTF fitting routine (C. Yang et al., personal communication) . EMAN was then used to refine and reconstruct the map with icosahedral symmetry imposed (Jiang et al., 2006) . The w16,000 particles included in the final icosahedral reconstruction were then used for further reconstruction without imposing any symmetry.
To avoid any possible initial model bias, the initial model of a tailed capsid was generated by computationally adding a cylindrically symmetrical ring of densities at one of the 5-fold vertices of the icosahedral reconstruction. The tailed model was projected in the 60 equivalent views of icosahedral symmetry and compared with the raw particle image to identify the best matching view for each of the particle images. These orientations were used to reconstruct the map without imposing any symmetry. This process was iterated until the cylindrical symmetry of the tail was gradually broken and converged to reveal a tail with six tailspikes and a dodecameric portal. This type of two-stage processing is required since direct one-stage refinement with C1 symmetry failed to resolve those nonicosahedral components. The final resolution of the asymmetric reconstruction is at w20 Å as judged by Fourier shell correlation (Harauz and van Heel, 1986 ) of two half dataset reconstructions using 0.5 criterion (Bottcher et al., 1997) .
Structural Analysis
The visualization and segmentation of each of the structural components were performed with Amira (Mercury Computer Systems). The crystal structures of the P22 tailspike head binding domain (PDB ID: 1LKT) and distal receptor binding domain (PDB ID: 1TSP) were fitted independently into the corresponding density segments using foldhunter (Jiang et al., 2001 ) and the registration module in Amira. The movie of the asymmetric reconstruction was produced using the modules in SAIL (Dougherty and Chiu, 1998 ) based on IRIS Explorer visualization software.
Supplemental Data
Supplemental Data, including a movie showing the asymmetric reconstruction of bacteriophage P22, are available at http://www. structure.org/cgi/content/full/14/6/1073/DC1/.
